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Abstract

High precisionmodelingof space-charge effects is es-
sential for designingfuture acceleratorsas well as opti-
mizing the performanceof existing machines. Synergia
is a high-fidelity parallelbeamdynamicssimulationpack-
agewith fully threedimensionalspace-chargecapabilities
anda higher-orderopticsimplementation.We describethe
Synergia framework and model benchmarkswe obtained
by comparingto semi-analyticresultsandothercodes.We
alsopresentSynergia simulationsof theFermilabBooster
acceleratorandcomparisonswith experiment.

THE SYNERGIA FRAMEWORK

Synergia [1] is a framework for state-of-the-artsimula-
tion of linear andcircular acceleratorswith a fully three-
dimensional(3D) treatmentof spacecharge, and the ca-
pability to usearbitraryordermapsfor the single-particle
optics modeling. It is designedto be a general-purpose
tool with aninterfacethatis accessibleto acceleratorphysi-
cistswhoarenotexpertsin simulationandcomputingtech-
niques.Space-chargecalculationsarecomputationallyin-
tensive, typically requiring the useof parallel computers.
The implementationof Synergia utilizes Particle-In-Cell
(PIC) techniquesandis fully parallel, including the parti-
cle trackingandspace-chargemodules.Thecodeitself is a
hybridsystembasedontheIMPACT [2] space-chargecode
and the mxyzptlk/beamline libraries [3], which includesa
MAD parser. Synergia includesenhancementsto these
codesaswell asnew modules.The space-chargemodule
usesthepathlengthalongthereferencetrajectory, s, asthe
independentvariableandimplementsa varietyof different
boundaryconditions.Synergiahasmulti-turn injectionca-
pabilitiesandcanfollow multiplebuncheslongitudinally.

The user-level interfaceto Synergia consistsof a setof
Pythonclassesthatwrapthelow-level interfacesto thevar-
iouspackagesused.ThePythoninterfacegeneratesan in-
put file that is readby the simulationitself. The Python
interpreterneednot be presentat run time. The Python
interfacecanevengeneratea job to beautomaticallytrans-
ferredandsubmittedto aremotemachinewherenoPython
interpreteris available.Synergiaalsoincludesa build sys-
tem thatallows it to becompiledandrun on variousplat-
formswithout requiringtheuserto modify thecodeand/or
build system.
�
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Performance

For high precision3D simulations, large numbersof
macroparticles,on the order of �����
	�� , and fine space-
charge grids, typical sizeof 
�
���
�
�������� , arerequired.
In orderto obtainthenecessarycomputingpower for such
simulations,we have portedour code to different paral-
lel machines,includingcommodityPCclusters,aswell as
specializedparallelcomputers.A summaryof the perfor-
manceof theSynergiacodefor FNAL Boostermodelingis
shown in Fig. 1, asa functionof thenumberof processors
usedto run the simulation. The performancedependson
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Figure1: Synergiaperformance,measuredin Boosterturns
perhour, versusnumberof processors,for differentparallel
machines.

an interplayof networking speed,latency, andprocessing
speed.For our Boostersimulations,peakperformanceof� 100 Boosterturnsper hour is obtainedrunningon 512
processorson theNERSCsupercomputer.

Benchmarking

In orderto verify theaccuracy of oursimulationwepro-
vide a testsuite, in which we modelseveral casessimple
enoughto performcomparisonswith semi-analyticcalcu-
lations[1]. In all thesecomparisons,theSynergia codeis
in good agreementwith the theoreticalexpectations.An
exampleof sucha comparisonis shown in Fig. 2. Herewe
modela cold,uniform density, 100mA protonbeam,with
kineticenergyof 250MeV, in aFODOchannelwith rf cav-
ities, andcomparewith the MaryLie/IMPACT (ML/I) [4]
3D code; the agreementis excellent. The cavity phases
have beensetso that the first cavity acceleratesthe beam
andthe seconddeceleratesit by the sameamount. Since



 0.0005

 0.0006

 0.0007

 0.0008

 0.0009

 0.001

 0.0011

 0.0012

 0  0.5  1  1.5  2  2.5  3

x r
m

s,
 y

rm
s,

 0
.4

*z�

rm
s 

[m
]

s [m]

xrms

zrms

yrms

Synergia
ML/I

Figure 2: Comparison of the Synergia and
MaryLie/IMPACT predictions for the r.m.s. beam en-
velopesof a cold beampropagatingin a FODO channel
with rf cavities.
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Figure 3: Normalizedhorizontal and vertical 2-D emit-
tancesandtheir average,versusturn number, showing the
emittanceexchangedueto theMontagueresonance.

the beamis cold anduniform, the rms equationsdescribe
theproblemexactly, sothereis a matchedconditionwhere
the final envelopesare identical to the initial values. We
useda 3D envelopematchingcode to find the matched
beamparameters.We generateda numericalrealization
of thematcheduniform distribution consistingof 100,000
particles. Theseparticleswere usedas the input of both
Synergia andML/I. We have alsocomparedSynergia pre-
dictionsof thespace-chargedrivenMontagueresonanceat
the CERN PSwith other major simulationcodes[5]. In
Fig. 3 we show thenormalizedverticalandhorizontalnor-
malized emittancesand their average,versusturn, for a
Synergia CERN PSsimulationusinga linear lattice with�������! �"�#� and

�%$&���! �'� , oneof the casesusedin the
comparison.

FERMILAB BOOSTER SIMULATIONS

The Booster[6] is a rapid-cycling, 15 Hz, alternating
gradientsynchrotronwith a radiusof 75.47meters. The
latticeconsistsof 96 combinedfunctionmagnetsin 24 pe-
riods,with nominalhorizontalandverticaltunesof 6.9and
6.7 respectively. The Boosteracceleratesprotonsfrom a
kinetic energy of 400 MeV to 8 GeV, using17 rf cavities
with frequency that slews from 37.8 MHz at injection to
52.8 MHz at extraction. Typically, the injection process
lastsfor tenBoosterturns,resultingto a total averagecur-
rentof 420mA. The injectedbeamis a streamof bunches
equallyspacedat thelinacRF frequency of 201.2MHz.

In this sectionwe study how space-charge affects the
Boosterbeamduringthefirst 500turnsof thecycle (injec-
tion, capture,andbunching).For thesimulationsweusean
idealizedBoosterlattice without any non-linearelements,
but we do employ secondordermapsandwe usea beam
with realisticenergy spread.

Emittance dilution

First we investigatehow space-chargeaffectsthe emit-
tanceof the Boosterwithout including rf. In Fig. 4 we
plot thenormalized4-D transverseemittance1 for five dif-
ferent initial beamconditions,describedin the captionof
the figure. As expected,in the caseswherethe beamwas
matchedthereis no emittancegrowth. (Our matchingpro-
ceduretakesinto accountspace-chargeeffectson the sec-
ondmomentsof thebeam).In themismatchedcases,with
a 20%mismatch,we observe a 12%increaseof thebeam
emittanceduringthefirst 10to 15turnsafterinjection.The
effect is a combinationof chromaticandspace-chargeef-
fectsandit is very similar for both the single-andmulti-
turn injection cases.The total currentis the same,0.420
Amps,in bothcases.Theemittancegrowth canberelated
to the conversionof beamfree energy from mismatchos-
cillationsinto thermalenergy of thebeam,dueto theeffect
of thenon-linearspace-chargeforces[7]. We compareour
resultwith thepredictionof the free-energy modelfor the
breathingmodecase.With a mismatchparameterof 1.2,
as in the caseof our simulation,the model predictsa 4-
D transverseemittancegrowth of 13%,in goodagreement
with theSynergiaresult.

Includingrf in thesimulationincreasesthespace-charge
effects (bunching)andintroducesa strongercouplingbe-
tweenthehorizontal(bending)andthelongitudinalplanes.
Therf is turnedon 20 turnsafter injection,which lastsfor
10turns,andcapturelastsfor 200turns.In thecapturepro-
cesscavity pairsstartparaphasedandarebroughtlinearly
in phase.In Fig. 5 we show the evolution of a longitudi-
nal planeslice,2( wide in the37.8Mhz rf phase.During
thedebunchingperiod,we seethebunchesof the injected
linac beambecome“s-shaped”dueto spacecharge. After
the beamis capturedin the 37.8Mhz rf, it alsodevelops

1Definedasthesquarerootof thedeterminantof thecovariancematrix
of thetransversephasespace.
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0 Amps, matched beam, 11 turn injection, ∆p/p = 0.0003
0 Amps, matched beam, 11 turn injection, ∆p/p = 0.0

0.42 Amps, 20% mismatch, 11 turn injection, ∆p/p = 0.0003
0.042*11 Amps, matched beam, ∆p/p = 0.0003

0.42 Amps, 20% mismatch, 1 turn injection, ∆p/p = 0.0003

Figure4: Normalized4-D transverseemittancein *�+-,/.#0�+
for different initial conditions. The red andgreencurves
correspondto a matchedbeam,with space-charge effects
turnedoff, with andwithoutamomentumspreadof 0.0003,
respectively. The purpleandlight bluecurvescorrespond
to a beamof 0.420 Amps total current and momentum
spreadof 0.0003,matchedand mismatchedrespectively.
Multi-turn injectionof 11 turnsis usedin all of theabove
cases.Thedarkbluecurvecorrespondsto a singleturn in-
jectionsimulationof a 0.420Amp mismatchedbeamwith
0.0003momentumspread.
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Figure5: Longitudinalphase-spaceafter18turns(left) and
after385turns(right).

“s-shape”characteristics,but maintainssomestructuredue
to the “folding” of the linac bunches. The effectsof the
rf on thenormalized4-D transverseemittanceis shown in
Fig. 6; the emittancegrowth is � �  � times larger (30%
versus12%) than in the casewith no rf. In addition, as
also shown in Fig. 6, the emittancevaries,following the
variation of the longitudinal beamwidth, due to the cor-
relation betweenlongitudinal and horizontalphase-space
planes.Thevariationstartswith a periodof 20 turns,and
endswith aperiodof 5 turns.

Finally, we compare the simulated horizontal beam
width with a measurementusing the Booster Ionization
ProfileMonitor, Fig. 7. Theagreementis verygood.A dis-
cussionof theexperimentaltechniqueis presentedin [8].
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Figure6: Normalized4-D transverseemittancein *2+-,/.�0�+
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Boostersimulationincludingrf.
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Figure7: Boosterhorizontalbeamwidth in mmversusturn
numbercomparedto theSynergiaprediction.
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